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A laser-driven azimuthal plasma magnetic field is known to facilitate electron energy gain
from the irradiating laser pulse. The enhancement is due to changes in the orientation
between the laser electric field and electron velocity caused by magnetic field deflections.
Transverse electron confinement is critical for realizing this concept experimentally. Using
analytical theory, we show that the phase velocity of the laser pulse has a profound impact on
the maximum transverse size of electron trajectories. The transverse size remains constant
only below a threshold energy that depends on the degree of the superluminosity and it
increases with the electron energy above the threshold. We illustrate this finding using 3D
particle-in-cell simulations. The described increase can cause electron losses in tightly focused
laser pulses, so it should be taken into account when designing high-intensity experiments at
high-power laser facilities.
I. INTRODUCTION
Direct laser acceleration is one of fundamental mecha-
nisms for transferring energy from an intense laser pulse
to electrons of a laser-irradiated plasma. At relativis-
tic laser intensities, most of the transferred energy is
associated with the forward rather than transverse mo-
tion. This aspect has been successfully exploited for
the development of secondary particle (ion1,2, neutron3,4,
positron5–7) and radiation sources8–10 that have multiple
inter-disciplinary applications.
There are two important aspects that distinguish di-
rect laser acceleration in a plasma from that in a vac-
uum. In a vacuum, a laser beam of a finite width ex-
pels electrons radailly during the acceleration process.
This limits the acceleration time for a given electron. In-
creased transverse velocity also increases electron dephas-
ing from the laser pulse, which negatively impacts the en-
ergy gain. As the laser propagates through a plasma, it
generates quasi-static radial electric and azimuthal mag-
netic fields11. These fields can provide electron confine-
ment within the laser beam, leading to a significant in-
crease in electron energy12. The energy gain is further
facilitated by transverse electron deflections that alter
electron dephasing13 (i.e. the slippage of the electron
with respect to the laser wave-fronts).
The energy enhancement in the presence of the quasi-
static plasma electric and magnetic fields is a thresh-
old process14. It has been previously established that
the threshold depends on laser amplitude11, plasma field
strength, and electron momentum at the start of the ac-
celeration process (e.g. see Refs. 11, 13–15). In exper-
a)aarefiev@eng.ucsd.edu
imentally relevant configurations, the width of the laser
pulse is another important parameter that must be taken
into consideration.
In this paper, we examine the conditions for the trans-
verse electron confinement and show that the confine-
ment depends on (vph − c)/c, where vph is the phase
velocity and c is the speed of light. This parameter char-
acterizes the relative degree of superluminosity. Our the-
oretical analysis shows that the maximum amplitude of
transverse electron displacements is limited during the
energy gain process only while the energy remains below
a threshold value. Once the energy exceeds the threshold
value, the transverse displacements begin to grow with
energy. This increase in displacement can lead to elec-
tron losses and premature termination of the energy gain
process in a tightly focused laser pulse. We provide mul-
tiple 3D particle-in-cell (PIC) simulations illustrating the
described trajectory widening.
II. 3D PIC SIMULATION OF TRAJECTORY WIDENING
In order to motivate the analytical analysis of Sec. III,
we start with a 3D PIC simulation for a 700 TW laser
pulse irradiating a uniform plastic target, initialized as a
plasma consisting of fully ionized carbon ions and elec-
trons. The laser peak intensity is 8.8 × 1021 W/cm2.
The initial electron density is ne = 2ncr, where ncr ≡
meω
2/(4pie2) is the classical critical density, me and e
are the electron mass and charge, and ω is the frequency
of the laser pulse. Table I provides additional information
regarding the laser pulse, the target, and the simulation
setup. This and all other 3D simulations in the paper
were performed using EPOCH16. The photon emission
module is turned off because the electron recoil is weak
at the considered intensities.
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FIG. 1: Laser propagation of the 700 TW laser beam due to
relativistic transparency: (a) transverse electric field, (b)
electron density normalized to ncr, and (c) electron density
normalized to 〈γe〉ncr, where 〈γe〉 is a cell-averaged value of
the electron γ-factor. The snapshots are taken at t = 104 fs.
Even though the electron density is higher than the
classical critical density, the laser pulse is able to eas-
ily propagate through the target due to the relativisti-
cally induced transparency17–20 caused by electron heat-
ing to relativistic energies. The transparency condition,
ne  〈γe〉ncr, is determined by the characteristic value
of the electron γ-factor, 〈γe〉17. Since the electrons are
heated by the laser pulse, we estimate that 〈γe〉 ≈ a0,
with a0 being the normalized laser amplitude defined as
a0 ≡ |e|E0/(mecω), where E0 is the peak amplitude of
the laser electric field. The transparency condition then
reads ne  a0ncr. It is well satisfied for the consid-
ered density ne = 2ncr, since we have a0 = 80 for the
considered peak intensity. Figures 1(a) and 1(b) con-
firm that the laser pulse indeed propagates through the
plasma rather than through an empty channel devoid of
electrons. Figure 1(c) shows the electron density nor-
malized to 〈γe〉ncr to illustrate the impact of the elec-
tron heating, where 〈γe〉 is the cell-averaged value of the
electron γ-factor. Note that we define t = 0 fs as the
time when the laser pulse reaches its peak intensity in
the focal plane in the absence of the target.
As the laser pulse propagates through the plasma,
it generates a slowly evolving azimuthal magnetic field.
The field is coiled around the axis of the laser beam, so we
refer to it as a magnetic filament. The corresponding field
structure is shown in Fig. 2(b), where we plotted time-
averaged Bz in the (x, y)-plane located at z = 0. Such a
field facilitates the energy gain by laser-accelerated elec-
trons via transverse deflections of these electrons. The
laser can also generate a transverse quasi-static electric
field by expelling plasma electrons that has a similar ef-
fect on the electron acceleration in the resulting chan-
TABLE I: Parameters used in the 3D PIC simulations
3D PIC simulation parameters
Laser pulse:
Pulse energy 6.5 and 26 J
Peak intensity 8.8× 1021 W/cm2
a0 80
Polarization linearly along yˆ
Wavelength λ = 1 µm
Power P = 175 and 700 TW
Location of the focal plane x = 0 µm, surface of plasma
Pulse profile
(transverse & longitudinal) Gaussian
Pulse duration
(FHWM for intensity) 35 fs
Pulse width/focal spot
(FWHM for intensity) w0 = 1.3 and 2.7 µm
Plasma:
Composition carbon ions and electrons
Target thickness
(along y and z) d = 10.0 µm
Electron density ne = 2 ncr
Ion mass 12mp (mp, mass of proton)
Charge of ion +6 |e|
Ion mobility mobile
Target length (along x) L = 70 µm
General parameters:
Spatial resolution 30/µm ×30/µm ×30/µm
# of macro-particles/cell
Electrons 15
Carbon ions 5
nel11. However, the impact of this field compared to
the effect of the magnetic field typically diminishes with
laser amplitude. In our case, the quasi-static electric field
shown in Fig. 2(a) is weaker than the quasi-static mag-
netic field shown in Fig. 2(b). Both fields are normalized
to the peak laser electric and magnetic fields (E0 and B0)
in vacuum in the absence of the target.
We have tracked all of the electrons in the simula-
tion and we have randomly chosen 8 electrons with en-
ergies in the range between (2/3)εmax and εmax, where
εmax ≈ 750 MeV is the maximum electron energy reached
during the run. Figure 3 shows the trajectories of the
tracked electrons and their energy (color-coded). The
upper panel is the projection onto the plane of the laser
electric field polarization. The tracking confirms the de-
scribed energy gain mechanism, with the electron energy
increasing over multiple bounces across the magnetic fila-
ment as the electrons move in the positive direction along
the x-axis.
Figure 3 also shows that the amplitude of the trans-
verse oscillations increases with electron energy. The only
exception here is the early part of the electron trajec-
tory with x < 20 µm that represents electron injection
through the opening of the magnetic filament. It must
be pointed out that the electrons develop strong oscil-
lations not only in the plane of the laser electric field,
but also out of this plane. The emergence of these non-
planar orbits is likely related to the modulations of the
electron γ-factor21. We plot the trajectories in the (x, r)-
3FIG. 2: Time-averaged transverse electric and azimuthal
magnetic fields from the 3D PIC simulation for the 700 TW
pulse. The fields are plotted in the (x, y)-plane located at
z = 0. Ey and Bz are the fields averaged over two laser
periods. Both snapshots are taken when the electrons reach
the highest cutoff energy, εmax ≈ 750 MeV.
space in order to objectively assess their widening, where
r =
√
y2 + z2 is the radius in the plane transverse to the
axis of the laser beam. It is evident from the lower panel
of Fig. 3 that the maximum radius achieved by the elec-
trons increases with each transverse bounce and that this
increase is correlated with the energy increase.
III. TEST ELECTRON MODEL
Our goal is to identify the factors that limit the am-
plitude of the transverse electron oscillations inside the
magnetic filament. In what follows, we call this am-
plitude the magnetic boundary. Motivated by the pre-
sented simulation, we consider a reduced model where a
test electron is subjected to prescribed time-dependent
fields of the laser and static fields of the channel. We
neglect the electron recoil associated with photon emis-
sions, i.e. the radiation-reaction force. Our approach to
finding the magnetic boundary is to assume that the laser
beam and the magnetic filament are wider than the mag-
netic boundary. We therefore approximate the laser by
a plane electromagnetic wave with a superluminal phase
velocity vph > c. The phase velocity in such a model can
be used to account for the presence of the plasma and
for the fact that the laser beam has a finite width22. In
order to simplify our analytical derivations, we assume
that the magnetic filament is sustained by a longitudinal
current with a uniform current density j0 (see Fig. 4 in
Sec. IV for supporting evidence).
The electron dynamics is described by the following
FIG. 3: Electron trajectories in the 3D PIC simulation for
the 700 TW laser beam. See Table I for more details.
equations:
dp
dt
= −|e|E − |e|
γmec
[p×B] , (1)
dx
dt
=
c
γ
px
mec
, (2)
dy
dt
=
c
γ
py
mec
, (3)
dz
dt
=
c
γ
pz
mec
, (4)
where the electric and magnetic fields (E and B) are
given. Here γ =
√
1 + p2/m2ec
2 is the relativistic γ-
factor, x, y, and z are the electron coordinates, p is the
electron momentum, and t is the time. In the regime
under consideration, E = Ewave is just the laser electric
field, whereas B = Bwave + Bfilament is a superposi-
tion of the magnetic fields of the wave and the filament.
Without any loss of generality, we consider a linearly po-
larized wave propagating in the positive direction along
the x-axis with
Ewave = eyE0 cos(ξ), (5)
Bwave = ez
c
vph
E0 cos(ξ), (6)
where E0 is the wave amplitude and
ξ = ω0t− ω0x/vph (7)
is the phase variable. The magnetic field of the channel
sustained by the current density j = j0ex is given by
Bfilament =
mec
2
|e| ∇ × afilament, (8)
where
afilament = ex
α
(
y2 + z2
)
λ20
= ex
αr2
λ20
, (9)
α ≡ −piλ20|e|j0/mec3, (10)
4and λ0 ≡ 2pic/ω0 is the vacuum wavelength. The fila-
ment that confines electrons has j0 < 0.
It can be verified using the equations of motion that
the following quantity remains conserved as the electron
moves in the considered field configuration:
γ − vph
c
px
mec
+
vph
c
afilament = C. (11)
We are going to consider a relativistic electron that is
starting its motion on axis while moving in transverse
direction. We specifically set
py = pi, (12)
pz = 0 (13)
at ξ = 0 to mimic the electron injection into the magnetic
filament observed in kinetic simulations10. The constant
of motion for this electron is its initial γ-factor γi:
C = γi ≡
√
1 + p2i /m
2
ec
2. (14)
We first examine the electron dynamics in the absence
of the laser field. In this case, the total momentum of
the electron is conserved, which means that C = γ. We
then find from Eq. (11) that
px
mec
= afilament. (15)
There are two features of the electron dynamics that are
evident from this relation. If j0 < 0 and afilament ≥ 0,
then the electron slides forward along the filament in-
stead of performing rotations around a fixed axial loca-
tion, since px ≥ 0. The transverse displacements are
constrained by the magnetic field,
r ≤ λ0
(
pi
αmec
)1/2
≈ λ0
√
γi/α, (16)
with the corresponding limit obtained from Eq. (15)
by setting px = pi. The right-hand side is obtained
by assuming that the electron is ultra-relativistic, γi ≈
pi/mec.
In the presence of the laser, the electron can gain en-
ergy from the laser field. In order to find how this impacts
the radial confinement, we re-write Eq. (11) as
uafilament = γi −
[
γ − px
mec
]
+ (u− 1) px
mec
. (17)
where we introduced
u ≡ vph/c (18)
for compactness. As the longitudinal momentum and
the γ-factor increase, the condition γ−px/mec > 0 must
hold. Moreover, we have u − 1 ≥ 0. The maximum
transverse displacement is achieved in the limit of γ −
px/mec → 0. In this limit, we can replace px/mec with
γ in the last term, which yields
r ≤ rMB ≡ λ0√
αu
[γi + (u− 1)γ]1/2 . (19)
The right-hand side defines the radial location, r = rMB,
of the magnetic boundary. The trajectory remains con-
fined within the magnetic boundary as the electron gains
energy from the laser pulse.
We characterize the electron energy gain by the ratio
γ/γi and define two limiting cases based on the value of
this parameter. If
γ/γi  (u− 1)−1 = c/(vph − c), (20)
then we have
rMB ≈ λ0
√
γi/αu. (21)
By comparing this expression with the one given by
Eq. (16), we conclude that in the presence of the laser
the maximum radial displacement can become reduced
due to the superluminosity (u = vph/c > 1).
In the opposite regime of
γ/γi  (u− 1)−1 = c/(vph − c), (22)
we have
rMB ≈ λ0
√
u− 1
αu
γ1/2. (23)
In this regime, the magnetic boundary expands as the
electron energy increases, rMB ∝ γ1/2. On the other
hand, the location of the magnetic boundary remains
constant for γ  γi/(u − 1). Then the key conclusion
is that there exists an electron energy threshold, approx-
imately given by the condition
γ = γ∗ ≈ γi/(u− 1), (24)
with the magnetic boundary becoming energy dependent
above the threshold.
We have so far assumed that the magnetic field of
the filament is much stronger than the radial quasistatic
plasma electric field that arises due to charge separation.
Such a regime has been observed in PIC simulations at
a0  1 and ne  ncr [23]. At lower a0 and lower plasma
densities, the electric field can become comparable to or
even stronger than the magnetic field11. Our results can
be easily generalized to such a regime. We assume that
the radial electric field is generated by a uniform charge
density ρ. It can be verified using the equations of mo-
tion that include this field that the following quantity
remains conserved:
γ − vph
c
px
mec
+
vph
c
afilament +
ω2p0r
2
4c2
ρ
|e|n0 = C, (25)
where n0 is the original electron density in the plasma
and ω2p0 = 4pin0e
2/me is the corresponding electron
plasma frequency. We now take into account Eq. (9)
to obtain
γ − vph
c
px
mec
+ καu
r2
λ20
= C, (26)
where
κ ≡ 1− ρc2/vphj0. (27)
5FIG. 4: Transverse profiles of the quasi-static magnetic
fields generated by the considered 175 TW and 700 TW laser
pulses. For 175 TW (Fig. 5), the profile is averaged over the
region with 30 µm ≤ x ≤ 34 µm. For 700 TW (Fig. 2), the
profile is averaged over the region with 40 µm ≤ x ≤ 45 µm.
In the limit of ρ → 0, κ = 1 and Eq. (26) reduces to
Eq (11).
In order to generalize the results given by Eqs. (19),
(21), and (23), all we need to do is replace α by κα,
where κ must be calculated based on the current and
charge densities in the filament. The magnetic field plays
a major role in determining the electron dynamics if κ ≈
1, which is equivalent to the condition
|ρ|c2  vph|j0|. (28)
If ρ > 0 and j0 < 0, then both the electric and magnetic
fields confine the electron. This causes the radius of the
magnetic boundary to become smaller, but it is impor-
tant to stress that the threshold for the electron energy,
γ ≈ γi/(u− 1), remains unchanged.
IV. POWER SCAN
In a laser beam with a given spot size, the widening
of the magnetic boundary can lead to transverse electron
losses. Therefore, the transverse electron confinement
can be improved by widening the laser beam. In this
section, we show that this approach makes it possible to
achieve higher electron energies by increasing the laser
power while keeping the same peak laser intensity.
We start by comparing our analytical results of Sec. III
with the particle tracking shown in Sec. II. Figure 4 shows
that the magnetic field varies linearly across the filament
for |y| < 1.5 µm at x = 0 µm. This indicates that
the current that sustains the magnetic field in this re-
gion can be approximated by a constant current density
uniformly distributed in the cross-section. Based on the
slope of the magnetic field, we find that this current den-
sity corresponds to α ≈ 17.3 [see Eq. (10)]. In order to
find the phase velocity, we have tracked the laser wave-
fronts along the central axis [see the black dashed line in
Fig. 8(b)]. In the region where the electron acceleration
takes place, we have
u− 1 = (vph − c)/c ≈ 2.5× 10−2. (29)
FIG. 5: Time-averaged azimuthal magnetic field from the
3D PIC simulation for the 175 TW laser pulse. The
z-component of the magnetic field is plotted in the
(x, y)-plane located at z = 0. Bz is the field averaged over
two laser periods. The snapshots are taken when the
electrons reach the highest cutoff energy shown in Fig. 7.
As an example, we take one of the electron trajectories
from Fig. 3 and consider two subsequent radial deflec-
tions: the first one at about x ≈ 20 µm and the second
one at x ≈ 35 µm. The maximum radius increases from
1.164 µm to 1.345 µm as the energy at the deflection
point increases from 147 MeV to 411 MeV. According to
Eq. (19), these numbers correspond to γi ≈ 13.9 if we
offset the axis by 0.059 µm. The small offset (4.4% of
the radius) is a fitting parameter that reflects the fact
that the axis of the filament is not perfectly aligned with
the central axis (x-axis). It is worth noting that the
obtained u and γi correspond to a threshold energy of
γ∗mec2 ≈ 347 MeV, which is consistent with the trajec-
tories observed in Fig. 3 where this energy is reached
between the first and second deflection. By applying
Eq. (19) to estimate the radius of the third deflection
(x ≈ 55 µm and εe ≈ 518 MeV), we find that our theory
under-predicts the transverse displacement. The actual
deflection takes place at r ≈ 2.113 µm. As seen from
Fig. 4, this is outside of the region where the magnetic
field changes linearly. This means that the electron trav-
els radially through a region that has a lower magnetic
field than what our model assumes (the model assumes a
linear slope) and this is likely the reason for the deflection
point being further out radially.
We have performed another 3D simulation where we
reduced the laser power by a factor of four to 175 TW
while reducing the radius of the focal spot by a factor
of two, such that the peak laser amplitude is the same
as in the previous simulation. The details of the simu-
lation are provided in Table I. A snapshot of the quasi-
static magnetic field driven in this simulation is shown
in Fig. 5. The magnetic filament is more narrow than
at 700 TW. However, as seen in Fig. 4, the slope of the
magnetic field in the central region remains unchanged.
This means that the current density in the central region
also remains unchanged, with α ≈ 17.3. The phase ve-
locity is slightly higher at lower power due to the beam
being more narrow, with u−1 ≈ 2.85×10−2 (see Fig. 8).
Figure 6 shows trajectories of energetic electrons at
175 TW, where we again randomly chose eight electrons
with energies in the range between (2/3)εmax and εmax.
Here εmax ≈ 380 MeV. In contrast to the run for 700 TW,
the electrons are lost at much lower energy. The losses
are likely associated with the fact that the filament is
6FIG. 6: Electron trajectories in a 3D PIC simulation for a
laser pulse with a0 = 80 and power of 175 TW. See Table I
for more details.
more narrow, which limits the increase of the magnetic
boundary with energy. Figures 8(a) and 8(b) addition-
ally show the longitudinal positions of randomly chosen
energetic electrons in the two runs that are being com-
pared (175 and 700 TW). The key feature of these plots
is that they confirm that the electrons are indeed injected
transversely into the laser beam. The injection location
can be roughly identified by the first major bend along a
given electron trajectory.
Figure 7 shows the electron spectra in the two con-
sidered simulations. The snapshots are taken when each
of the spectra reach their maximum electron energy (at
t = 116 fs for the 175 TW run and at t = 162 fs for
the 700 TW run). It is evident that the laser-accelerated
electrons are able to achieve much higher energy in the
wider magnetic filament, i.e. at higher laser power. This
observation holds at lower intensity of a0 = 19. We again
varied the power while keeping the peak intensity fixed
(all other parameters are the same as in Table I, with
the smaller w0 corresponding to the 10 TW run). Even
though the transverse quasi-static electric field is likely
to play a more prominent role in these simulations, the
observation that a wider filament with quasi-static con-
fining fields allows for an increased energy gain holds.
V. SUMMARY
We have shown that a laser-driven electron can gain
energy without increasing the amplitude of its transverse
oscillations only while γ  γic/(vph − c), where γi is the
initial electron energy. The condition essentially provides
a threshold energy. The amplitude of the transverse oscil-
lations that we call the magnetic boundary radius starts
to increase with electron energy once the value of γ ex-
ceeds the threshold value. The non-trivial conclusion is
that the threshold is dependent on the superluminosity
of the laser.
Using 3D PIC simulations, we found that the quasi-
FIG. 7: Snapshots of electron spectra from 3D PIC
simulations. The snapshots are taken when the electrons
reach the highest cutoff energy, i.e. at t = 116 fs for
175 TW, t = 162 fs for 700 TW, t = 72 fs for 10 TW, and
t = 82 fs for 40 TW. In each case, the spectra are calculate
for the entire electron population in the simulation box. The
“temperature” representing the slope of the energetic tail is
3.5 MeV for 10 TW, 6.0 MeV for 40 TW, 24 MeV for
175 TW, and 45 MeV for 700 TW.
(a)
(b)
FIG. 8: Temporal profiles of the laser electric field on the
central axis (y = z = 0) at (a) 175 TW and (b) 700 TW.
The laser fields are plotted in a moving window together
with longitudinal positions of randomly chosen energetic
electrons. The black dashed lines show the segments used to
find vph in each run. The dashed blue line marks the left
boundary of the simulation box located at x = −5 µm.
static magnetic field of the filament has two distinct re-
gions: the central region where its amplitude increases
linearly with radius and the outer region where a rollover
occurs, leading to a gradual ramp down of the amplitude
to zero. Our model describes well the electron dynam-
ics in the central region. Once the magnetic boundary
reaches the outer region due to the energy increase, the
electrons can lose their confinement.
An important takeaway message from our analysis is
that there could be a significant benefit from a power
increase even at constant intensity24: the electrons can
7gain higher energy in a wider beam before being lost due
to the boundary expansion. In terms of a single laser
system with a given total energy, our results provide an
additional consideration when deciding how to focus the
laser pulse. The benefits of increasing the peak intensity
must be evaluated against the possibility that tighter fo-
cusing would lead to premature electron losses during the
acceleration process due to a reduced beam width.
In this paper, we focused on the regimes where the
electron recoil due to photon emissions by the energetic
electrons can be neglected. In fact, we have verified that
the spectra shown in Fig. 7 remain essentially unchanged
if the recoil is included into the simulations. It has been
previously shown for a laser pulse with vph = c that
the electron recoil causes a contraction of the magnetic
boundary25. Our results show that the superluminosity
has an opposite effect on the magnetic boundary. There-
fore, a regime where both effects are important is likely to
lead to a non-trivial evolution of the magnetic boundary.
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